ABSTRACT Most patients with severe congestive heart failure have secondary pulmonary hypertension (PHT). Elevation of pulmonary vascular resistance (PVR) to greater than 480 dynes sec cm-5 (6 Wood units) is currently the principle hemodynamic contraindication to orthotopic cardiac transplantation. We performed serial two-dimensional Doppler echocardiographic examinations and right heart catheterizations in 24 recipients (21 men, 14-58 years old) of orthotopic cardiac transplants to determine the time course of resolution of PHT and the concomitant remodeling of the donor right ventricle. Right and left heart filling pressures declined in parallel and reached the upper normal range at 2 weeks after the transplant procedure and remained unchanged at 1 year follow-up. Mean pulmonary arterial pressure (mm Hg) decreased from 38 + 9 preoperatively to 22 ± 5 at 2 weeks and was 19 + 5 at 1 year after the transplantation procedure. At 1 year after surgery, PVR had decreased from 202 + 89 dynes.sec-cm-5 preoperatively to 99 + 36 dynes-sec cm-5 (p < .001), while cardiac output increased from 3.7 + 1.2 to 6.3 1.5 liters/min (p < .001). Echocardiographic analysis showed that transplant recipients had an enlarged right ventricle on day 1 after surgery, and a volume overload contraction pattern and tricuspid regurgitation was present in the majority. This increase in right ventricular size was maintained at 1 year follow-up while the incidence of tricuspid regurgitation decreased. We conclude that there is rapid resolution of moderately elevated pulmonary arterial pressures after cardiac transplantation. The donor right ventricle responds to the abnormal recipient pulmonary circulatory dynamics by developing early dilatation and tricuspid regurgitation that persists despite resolution of PHT. Circulation 76, No. 4, 819-826, 1987. PATIENTS with severe class IV congestive heart fail- 
but reestablishes a near-normal lifestyle in these patients. 2 Since the introduction of cyclosporine for immunosuppression, survival is reported to be 85% at 1 year and 66% at 5 years after orthotopic cardiac transplantation.2,3 Before undergoing transplantation, the majority of these patients have pulmonary hypertension (PHT) secondary to chronic elevation of left ventricular filling pressures. Hemodynamics measured weeks to months after successful heart transplantation have documented normalization of resting right heart hemodynamics and pulmonary vascular resistance. -9 No attempts have yet been made to assess right-sided hemodynamics serially immediately after transplantation to determine the time course of resolution of PHT.
The purpose of this study was (1) to determine the magnitude and time course of changes in pulmonary arterial pressures over the first year after orthotopic cardiac transplantation, and (2) to assess concomitant donor right ventricular remodeling.
Materials and methods
Patient population. The study population consisted of 24 consecutive recipients of orthotopic heart transplants at Brigham and Women's Hospital in Boston. The patients ranged in age from 14 to 58 years (mean 42). The cause of CHE was idiopathic dilated cardiomyopathy in 13 , ischemic heart disease in eight, and valvular heart disease in three. The mean follow-up period was 13 months (range I to 29) with 16 transplant recipients followed for at least 1 year.
Methods. All patients underwent right heart catheterization with a No. 7F balloon floatation pulmonary artery catheter placed through a No. 9F Cordis introducer sheath in the right internal jugular vein at the time of their scheduled endomyocardial biopsies for routine monitoring for rejection. Under fluoroscopic and hemodynamic guidance, the balloon catheter was advanced to the pulmonary capillary wedge position and the following pressures (mm Hg) recorded on a strip-chart recorder: mean right atrial ( to assess right ventricular size and wall thickness. The right ventricular end-diastolic area (RVEDA in cm2) was assessed by planimetering the endocardial border from the apex to the level of the tricuspid valve anulus in the apical four-chamber view with a Diasonics Cardio Revue center (figure 1). End-diastole was identified by the maximum right ventricular size defined at the peak of the R wave on a simultaneous electrocardiogram. Right ventricular maximal end-diastolic dimensions (RVEDD in cm) was measured by electronic calipers as the largest transverse or minor-axis dimension of the right ventricle (figure 2). Three frames were analyzed and the average was computed. Right ventricular wall thickness (RVWT in cm) was measured from epicardium to endocardium with electronic calipers in three frames in the subcostal view and the average was calculated. The two-dimensional measurements were compared with those obtained from 10 normal volunteers (age 20 to 34 years). RAP ( mmHg) FIGURE 6 . The relationship between RAP and PCWP (both mm Hg) heart hemodynamics before and after the transplantation procedure as assessed by regression analysis.
donor heart when it is exposed to the elevated pulmonary arterial pressures (right ventricular afterload) in the recipient. 14 However, no serial systematic analysis of pulmonary hemodynamics and right ventricular sures. The only serial study of pulmonary arterial pressures after transplantation was performed in a small number of patients before the introduction of cyclosporine for immunosuppression and demonstrated that pulmonary arterial pressures declined but were still above normal at 1 week after transplantation. 15 The results in our patients, all of whom received cyclosporine, are similar in that PAM and right ventricular and left ventricular filling pressures declined at 1 week after surgery and reached a nadir in the upper normal range at 2 weeks after the transplantation procedure. Although there were several episodes of mild-to-severe rejection, these were not associated with any consistent change in intracardiac hemodynamics.
By 1 year after the transplantation procedure, PVR had returned to normal in 80% of our patients, with only mild elevations persistent in three recipients. The percent decline in PVR ranged from 10% to 84%, with patients with the highest preoperative values having the largest reduction. Although CO at 1 year after transplantation has previously been reported to remain subnormal, our study demonstrates that CO was in the normal range at the 1 year follow-up period. The sustained improvement in CO in our patients may reflect the use of cyclosporine for immunosuppression and is similar to the experience of Thompson et al. 16 Although cyclosporine may produce systolic and diastolic hypertension and maintain elevated systemic vascular resistance, its greater effectiveness in suppressing rejection may account for the preservation of normal left ventricular performance. 16 Possible causes for the patients' preoperative PHT may include (1) passive transmission of elevated left atrial pressures to the pulmonary vasculature, (2) inappropriate pulmonary vasoconstriction, and (3) secondary organic pulmonary vascular disease. The transpulmonary gradient or pressure drop (PAM-PCWP) across 824 the pulmonary circuit was normal, i.e., less than 10 to 12 mm Hg preoperatively, and remained so after transplantation. This suggests that the passive increase in PAM secondary to pulmonary venous hypertension is the major mechanism responsible for the preoperative PHT. The response of the donor right ventricle to the abnormal pulmonary hemodynamics in the recipients was assessed by serial echocardiography. On the first day after the transplantation procedure the right ventricle increased in size and dilated further at 1 month and subsequently declined to immediate postoperative dimensions at 1 year after surgery. The right ventricular size at 1 year was significantly enlarged over that in control subjects. The RVWT tended to increase during follow-up but was not statistically different from normal. Abnormal diastolic interventricular septal motion was present in all patients immediately postoperatively. This decreased to a 42% incidence at 1 year. Concurrently, tricuspid regurgitation was detected in 67% of the patients on day 1 after the transplant procedure and this incidence decreased to 36% at 1 year.
The high incidence of tricuspid regurgitation early after transplantation with persistence during follow-up in our study is similar to that reported in two preliminary series.2" 22 The presence of moderate-to-severe tricuspid regurgitation has previously been correlated with higher preoperative levels of PAS.21 Our study shows a similar trend in that patients with grades 2 + to 3 + tricuspid regurgitation had higher preoperative PAM values than patients with grades 0 to 1 + tricuspid regurgitation. Although abnormal diastolic interventricular septal motion was present in all our patients early after transplantation, the pattern of abnormal systolic septal motion was very uncommon, probably because PAM decreases significantly immediately after transplantation. 15, 23 Although abnormalities of interventricular septal motion have commonly been reported after intracardiac surgery, the concomitant decrease in the frequency of abnormal right ventricular diastolic septal motion and tricuspid regurgitation suggests a pathophysiologic correlation between tricuspid regurgitation and the enlarged right ventricular dimensions due to volume overload.24 25 The donor right ventricle thus responds to transplantation by increasing its dimensions and tending to thicken with follow-up. However, unlike the increased left ventricular mass seen after the transplant procedure, we did not detect a significant increase in RVWT. 9 The explanation for this discrepancy may lie in the persistence of increased left ventricular afterload (systolic and diastolic hypertension, elevated systemic vascular resistance) after transplantation while right ventricular afterload (PVR, PAM) declines to normal levels.
Tricuspid regurgitation of a mild to moderate degree is thus common after transplantation and may be responsible for producing and maintaining enlarged right ventricular dimensions. Potential causes for the development of tricuspid regurgitation include (1) donor heart cold storage (ischemic) time and the development of tricuspid regurgitation20 2' and flail tricuspid valve leaflets or torn tricuspid chordae was not detected in any of our patients. Right ventricular systolic dysfunction has been observed in the immediate postoperative period but this improves with followUp.22' 26 Thus, tricuspid regurgitation early after transplantation due to afterload mismatch may be the basis for right ventricular dilatation by volume overload that can subsequently maintain tricuspid regurgitation remote from transplantation by dilatation of the tricuspid anulus. This could explain the persistence of tricuspid regurgitation with follow-up, despite the presence of near normal right ventricular afterload (PAM) beyond 2 weeks after surgery. However, it is important to emphasize that none of the patients in our series had symptoms related to chronic right ventricular volume overload and right-sided pressures were relatively normal at the end of 1 year. Thus, tricuspid regurgitation after transplantation is well tolerated and is rarely of clinical significance, as noted in the report of Lewen et al.2' Our report details the pattern of right ventricular modeling to moderate preoperative PHT. The response of the donor right ventricle to severe preoperative PHT, currently a principal contraindication to orthotopic cardiac transplantation, deserves serial study to allow revision of current criteria for transplantation based on PAM and PVR.
Preoperatively there was a poor correlation between right and left heart filling pressures (RAP vs PCWP, r = .31); however, after transplantation, RAP and PCWP showed an excellent correlation (PCWP = 5.7 + 0.87 RAP, r = .81). Although the postoperative correlations may be fortuitous because of the relative normality of the filling pressures, decreased ventricular compliance, restrictive cardiomyopathy, or subclinical postoperative pericardial constriction producing approximation of diastolic filling pressures cannot be excluded. 27' 28 In conclusion, we have serially studied 24 
